Introduction
Multiple myeloma (MM) is the second most common hematologic malignancy, with 15 000 cases diagnosed in the United States each year. Despite the development of new, targeted treatment strategies, MM remains incurable, with a median survival time of 3 to 4 years. 1 However, the disease is biologically diverse, and there is a significant variation in survival time of patients with MM. Some patients survive 7 to 10 years or longer. 2 This variation in survival time was recognized early, and over the years a number of prognostic factors have been identified. 3 The Durie-Salmon staging system incorporates a number of traditionally recognized prognostic factors. 4 More recently, the International Staging System (ISS) was introduced and uses ␤ 2 -microglobulin (B2M) and albumin levels, each of which is easy to measure and is widely available. 5 The rapid development of therapeutics and combination therapy for the treatment of MM requires the use of well-validated and accessible prognostic factors for risk stratification in clinical trials to ensure that treatment arms are truly comparable. It is essential that prognostic factor assays used for risk stratification be easily available in multiple institutions.
Circulating plasma cells (PCs) can be detected in the peripheral blood of a significant proportion of patients with MM. 6, 7 Although the appearance of circulating PCs in the blood may be simply a reflection of a tumor mass, it could also represent differences in the disease biology. Cell-to-cell adhesion and cell-to-stroma adhesion are required for myeloma progression, 8 and they mediate resistance to therapy. 9 We hypothesized that the appearance of circulating PCs in the blood identifies relative independence from adhesion to the microenvironment and, therefore, signifies more aggressive disease. The presence of circulating PCs in peripheral blood detected by slide immunofluorescence has been shown to be a risk factor in patients with newly diagnosed MM. 10 The presence of circulating PCs detected by slide immunofluorescence has also been associated with shortened progression-free survival in patients with smoldering myeloma. 11 Unfortunately, the slide-based immunofluorescence assay to detect circulating PCs is complex and time and labor intensive, and it requires fluorescence microscopy, which limits the clinical availability of this test. Flow cytometric analysis is rapid and readily available, and it can be used to detect circulating PCs with good correlation with the immunofluorescence-based method. 6, 7 We investigated the prognostic value of circulating PCs detected by flow cytometry in patients with newly diagnosed MM.
Patients, materials, and methods

Patients
Approval for the study was obtained from the Mayo Clinic Institutional Review Board in accordance with federal regulations. Informed consent was provided according to the Declaration of Helsinki. Blood samples from patients with newly diagnosed MM seen at Mayo Clinic Rochester within the first week of diagnosis and before the initiation of treatment were collected and analyzed. Clinical data including age, sex, and disease stage and prognostic factors such as B2M, albumin, C-reactive protein (CRP), lactate dehydrogenase (LDH) levels, bone marrow PC percentage, and bone marrow PC labeling index (PCLI) were collected. Data with regard to the type of initial and salvage therapies and the use of stem-cell transplantation were also collected. Patients were followed up for the response to treatment and for progression-free survival (PFS) and overall survival (OS).
Quantification of circulating PCs
Flow cytometry analysis was conducted as previously described. 6 Briefly, mononuclear cells were isolated by density gradient centrifugation on Ficoll (Amersham Biosciences, Piscataway, NJ) for 15 minutes at 1500 rpm (300g) and stained with fluorescence-labeled CD38 and CD45 antibodies (both from BD Biosciences, San Jose, CA). The number of circulating PCs was measured by gating on CD38 ϩ CD45 Ϫ mononuclear cells. Fifty thousand events were analyzed for each patient, and the number of PCs detected among these 50 000 events was recorded. Although the circulating PC population is usually relatively small, it can be clearly identified and quantitated. 6 Typical flow cytometry patterns are shown in Figure 1 . Circulating PCs were also estimated using a slide based-immunofluorescence method, as previously described. 12 
Statistical analysis
Overall survival was calculated from the date of diagnosis to the date of death or date last known alive. Survival analysis was performed using the method described by Kaplan and Meier. 13 Differences between survival curves were tested for statistical significance using the 2-tailed Wilcoxon rank sum test. Multivariate analysis was conducted using Cox proportional hazards model. 14 The Spearman rank test was used for correlation analyses.
Results
Patient characteristics
Between May 1998 and January 2003, flow cytometry was performed on 302 patients with newly diagnosed MM. Median patient age was 65 years, and there was a slight male predominance (60%). Clinical and laboratory data and stage by ISS are summarized in Table 1 . Most (42%) of the patients had ISS stage II disease, and there was an equal distribution of patients with ISS stage I and III disease (26% each). Induction therapies were vincristine, doxorubicin, dexamethasone (VAD) (25%), singleagent dexamethasone (23%), melphalan/prednisone (MP) (23%), thalidomide and dexamethasone (16%), and others (13%). One hundred twenty-two patients (40%) underwent stem-cell transplantation after induction therapy.
Circulating PCs
Circulating PCs were detected in 222 patients (73%) with the median PC count of 4 per 50 000 events (range, 1-28 692 events). In 80 patients (27%), no circulating PCs were seen; 106 patients (35%) had 1 to 10 circulating PCs. The remaining 115 patients (38%) had more then 10 circulating PCs (Figure 2 ). There was a good correlation between the number of circulating PCs detected by flow cytometry and immunofluorescence microscopy ( ϭ 0.77; P Ͻ .001). There was a weak correlation (17%) between the degree of marrow involvement by PCs and the number of circulating PCs ( ϭ 0.32; P Ͻ .001). There was also only a weak correlation between circulating PCs and B2M ( ϭ 0.29; P Ͻ .001)
Follow-up and survival
Median follow-up was 33.5 months (range, 1-83 months), and 158 (52%) patients have died. Median overall survival time for the whole cohort was 46 months. Survival time by ISS stage differed significantly, with median survival times of 61, 46, and 22 months for patients with stage I, II, and III stage disease, respectively (P Ͻ .001; Figure 3A) .
Effect of circulating PCs on outcome
There was a continuous correlation between the number of circulating PCs and shortened OS (correlation coefficient 1.059, P Ͻ .001). We tested different cut-off values for circulating PCs and used a cutoff of 10 cells per 50 000 events for subsequent analyses because of the similar proportions of patients (10 circulating PCs or fewer vs more than 10 circulating PCs; 62% vs 38%). For personal use only. on April 13, 2017. by guest www.bloodjournal.org From Median OS was significantly longer in patients with 10 or fewer circulating PCs than in those with more than 10 circulating PCs (59 vs 37 months, respectively; P ϭ .001) ( Figure 3B ). The prognostic value of circulating PCs and other commonly used factors, including B2M, albumin, and PCLI, on univariate analysis is summarized in Table 2 .
On multivariate analysis, the prognostic value of circulating PCs was independent of B2M, albumin level, and age ( Table 3 ). The addition of CRP was not significant in multivariate analysis. In contrast, the inclusion of bone marrow PCLI caused a loss of significance of other variables, including B2M and circulating PCs.
Circulating PCs and the ISS
Survival difference was the greatest among patients with ISS stage II or III disease. Patients with ISS stage II and III disease who had more than 10 circulating PCs experienced significantly poorer median OS than did those with 10 or fewer circulating PCs (24 vs 46 months, respectively; P ϭ .024). A similar trend was seen among patients with ISS stage I disease (median survival, 56 vs 79ϩ months). However, the median survival in this group has not been reached, and the OS difference did not reach statistical significance.
We developed a risk stratification model that incorporated factors used in ISS (B2M and albumin levels) and circulating PCs. This model has a prognostic value exceeding that of the ISS alone. Adverse prognostic factors were presence of more than 10 circulating PCs, B2M greater than 3.5, and albumin level less than 3.5 (Table 4) . Four groups of patients were defined: those at low risk (none of the adverse factors present), low-intermediate risk (1of 3 adverse factor present), intermediate-high risk (2 of 3 factors present), and high risk (all 3 factors present). The low-risk group had a median survival of more than 79 months (not reached), whereas patients in the high-risk group had a median survival of only 13.3 months (Figure 4 ).
Discussion
In defining new prognostic factors, availability and reproducibility are key factors. The Durie-Salmon staging system is based on easily available tests and, despite its limitations and complexity, had been widely used. 4 Similarly, the ISS uses widely accessible laboratory values. 5 In contrast, PC labeling index, though one of the strongest independent predictors of survival, 12, 15 has not been incorporated widely into clinical practice and trials because of its limited availability. Similarly, the detection of circulating PCs by a slide-based immunofluorescence assay has been repeatedly shown to be a risk factor in myeloma 10, 11, 16 and other PC disorders. 17 However, the limited availability of the immunofluorescence microscopy-based method of PC quantification limits the use of this test in clinical studies.
In the current study, we demonstrate that the number of circulating PCs detected by flow cytometry is an independent prognostic factor in patients with newly diagnosed MM. There was an inverse correlation between the number of circulating PCs and OS. Overall survival in our cohort was higher than reported in other series. However, survival by ISS stage was similar to that observed in the original ISS description. 5 The prognostic value of circulating PCs was independent of other well-established prognostic markers, such as age, albumin, and B2M. The latter 2 variables are used in ISS. 5 Although the prognostic value of circulating PCs was not independent of bone marrow PCLI, this is not a major limitation because the PCLI is not routinely available in most centers and is infrequently used in clinical studies. Further, risk factors that are biologically related may not show independent significance because of the interaction between the variables.
In this study, we have also developed a risk stratification model using factors incorporated in ISS (B2M and albumin) and circulating PCs. This model appears to enhance the ISS because it enables identification, using a readily available laboratory test, of a subset of patients with a particularly poor prognosis. Median survival of patients in the high-risk group was only 13 months compared with more than 79 months for patients in the low-risk score group. Besides its clinical usefulness, this study also has important biologic implications. The level of circulating PCs appears to be largely independent of tumor burden reflected by B2M or bone marrow PC involvement. It is well established that cell-to-cell and cell-to-stroma adhesion are required for myeloma progression 8 and that they mediate resistance to therapy. 9 Given the findings of this study, the appearance of circulating PCs in patients with myeloma likely reflects independence from adhesion to stroma rather than merely tumor burden. Future studies of the expression of adhesion receptors in patients with circulating PCs could provide us with additional insight into the biology of myeloma. Because patients in our study were not treated or evaluated for a response in the uniform fashion, we did not analyze the response to treatment rate. However, it will also be important to determine whether there are differences in treatment response rates in patients with and without circulating PCs, particularly with therapies targeting interactions between myeloma and microenvironment.
Given that flow cytometry is available in most medical centers, incorporating this assay as a pretreatment evaluation in clinical trials is feasible. The assay can then be validated in patients treated in a uniform fashion. Our results suggest that the assay can be clinically useful for risk stratification; future studies could help determine whether there is a differential response to various therapeutic agents based on the presence of absence of circulating PCs. For example, it has already been shown that the presence of circulating PCs detectable by immunofluorescence at the time of stem cell harvest is associated with significantly shortened relapsefree survival after transplantation. 18 Although flow cytometry has the advantage of lower cost and greater availability, the assay needs development and validation in other centers. In spite of these limitations, we believe that the findings described and the risk stratification model proposed have unique clinical and biologic significance.
We conclude that the number of circulating PCs measured by flow cytometry in patients with newly diagnosed MM is an independent prognostic factor for overall survival. The appearance of circulating PCs is independent of tumor mass and likely reflects differences in tumor biology.
